Background High protein intake has been linked to kidney growth and function. Whether protein intake is related to kidney outcomes in healthy children is unclear. Methods We examined the associations between protein intake in infancy and kidney outcomes at age 6 years in 2968 children participating in a population-based cohort study. Protein intake at 1 year was assessed using a food-frequency questionnaire and was adjusted for energy intake. At age 6 years we measured the kidney volume and urinary albumin/creatinine ratio (ACR) of all participating children, and we estimated glomerular filtration rate (eGFR) using serum creatinine and cystatin C levels. Results In models adjusted for age, sex, body surface area, and sociodemographic factors, a higher protein intake was associated with a lower ACR and a higher eGFR but was not consistently associated with kidney volume. However, after further adjustment for additional dietary and lifestyle factors, such as sodium intake, diet quality, and television watching, higher protein intake was no longer associated with kidney function. No differences in associations were observed between animal and vegetable protein intake. Conclusions Our findings show that protein intake in early childhood is not independently associated with kidney size or function at the age of 6 years. Further study is needed on other early life predictors of kidney size and function in later life.
Introduction
Kidney function has been shown to track from childhood into adulthood [1] . Subclinical variations in kidney function are already present in childhood and have been found to relate to kidney disease in later life [2] , implying that it is important to study determinants of kidney function already in childhood. We have recently observed that reduced infant weight growth is associated with smaller kidney volume in childhood [3] and that longer breastfeeding duration is associated with larger kidney volume and an increased estimated glomerular filtration rate (eGFR) [4] . These observations suggest that exposures in infancy are important for later kidney development.
Dietary protein intake during infancy is a key factor for growth and development and may be associated to kidney growth and function [5] . In animal studies, increased protein intake leads to increased kidney growth and function [6] [7] [8] , and early postnatal dietary protein affects kidney function [8, 9] . A higher protein intake has also been associated with increased GFR in healthy adults [10] [11] [12] . In patients with chronic kidney disease, high protein intake may further reduce kidney function because the kidneys can no longer handle the excretion of protein metabolites [13] [14] [15] [16] . However, randomized controlled trials with low-protein diets in adults or children with renal disease have not consistently been able to slow the progression of kidney disease [17] [18] [19] .
Little is known of the effects of protein intake on kidney function in children with a normal kidney function. Data from trials suggest that infants who received additional dietary protein have larger kidneys [5] and a higher eGFR [20] in infancy than those who received no additional protein. However, whether protein intake in infancy is associated with kidney size and function in later childhood is unknown. Therefore, we examined the associations between protein intake at the age of 1 year and kidney outcomes at the age of 6 years in 2968 children participating in a population-based prospective cohort study. Kidney measures included combined kidney volume, creatinine-based eGFR (eGFR Creat ), cystatin Cbased eGFR (eGFR CysC ), and urinary albumin/creatinine ratio. We also examined the association between protein intake at age 2 years with kidney outcomes at age 6 years in a subgroup of the children. Additionally, we evaluated whether the associations between protein intake and kidney health differed by protein source, child sex, birth weight, gestational age at birth, kidney volume, or ethnicity.
Methods

Study design and population
This study was embedded in the Generation R Study, a population-based prospective cohort study from fetal life onward in Rotterdam, the Netherlands [21] . All children were born between April 2002 and January 2006. The study was conducted according to the guidelines of the Helsinki Declaration and approved by the Medical Ethics Committee of Erasmus Medical Center, Rotterdam (MEC 198.782/2001/31) . Written informed consent was given by all parents. A total of 7893 children were available for follow-up studies in early childhood [21] . A questionnaire on child diet around the age of 1 year was sent to 5088 mothers who provided consent for follow-up and had sufficient mastery of the Dutch language (Fig. 1) . In total, 3650 (72 %) of these mothers returned the questionnaire [22] . After exclusion of subjects with invalid dietary data and withdrawn consent, information on infant diet was available for 3629 children. From these 3629 children, we excluded children with congenital kidney abnormalities or an albumin-creatinine ratio (ACR) of >25 mg/mmol (n=8) [23] . Of the remaining children, 2968 had one or more kidney measurements available at the age of 6 years ( Fig. 1) .
Dietary assessment
Dietary intake was assessed at a median age of 12.9 (95 % range 12.2-18.9) months using a semi-quantitative 211-item food frequency questionnaire (FFQ), as described previously in detail [22, 24] . The FFQ was validated against three 24-h recalls in a representative sample of 32 Dutch children around the age of 1 year living in Rotterdam. The intra-class correlation coefficient was 0.7 for total protein intake [22] . Mothers of a subgroup of 899 Dutch children received an additional FFQ at their child's median age of 24.9 (95 % range 24.3-27.6) months [24] . Of these children, 715 had kidney measures at the age of 6 years available for analysis [Electronic Supplementary Material (ESM) Fig. S1 ].
Kidney outcome assessments
The kidney outcomes of all children were assessed at a median age of 5.9 (95 % range 5.6-6.6) years in a dedicated research center in the Sophia Children's Hospital in Rotterdam by welltrained staff [23] . Kidney volume was measured with ultrasound, using an ATL-Philips HDI 5000 instrument (Philips Medical Systems, Seattle, WA), equipped with a 2.0-to 5.0-MHz curved array transducer, as described previously in detail [25, 23] . Kidney volume was calculated using the equation for a prolate ellipsoid: volume (cm 3 )=0.523 × length (cm) × width (cm) × depth (cm) [25] . The combined kidney volume was calculated by summing the right and left kidney volume. We previously reported good intra-observer and interobserver correlation coefficients using this method [26] . Non-fasting blood samples were drawn by antecubital venipuncture. Creatinine concentrations were measured with enzymatic methods, and cystatin C levels were measured with a particle-enhanced immunoturbidimetric assay (using Cobas 8000 analyzers; Roche, Almere, the Netherlands). Quality control samples demonstrated intra-assay coefficients of variation (CV) of 0.51 and 1.65 % for creatinine and cystatin C, respectively, and inter-assay CVof 1.37 and 1.13 %, respectively [23] . The eGFR Creat was calculated according to the revised Schwartz 2009 formula, which is the most common pediatric equation: eGFR Creat =36.5 × [height (cm)/ creatinine (μmol/L)] [27] . We also evaluated the eGFR calculated using a cystatin Cbased and a combined creatinine and cystatin C formula, as proposed by Zappitelli ] [28] . Urinary creatinine (mmol/L) and albumin (mg/L) levels were measured with an AU analyzer (Beckman Coulter, Brea, CA), and creatinine levels were determined using the Jaffe reaction. The urinary ACR was also calculated. In addition to the continuous ACR, we defined microalbuminuria as an ACR of ≥2.5 mg/mmol for boys and ≥3.5 mg/mmol for girls [29] .
Covariates
Information on maternal age, educational level, and folic acid supplement use was obtained with a questionnaire at enrollment in the study. Maternal height and weight were measured at the research center at enrolment, and body mass index (BMI, kg/m 2 ) was calculated. Maternal smoking during pregnancy was assessed using questionnaires in each trimester and was categorized as (1) never; (2) until pregnancy was known; (3) continued during pregnancy. Information on each child's sex, birth weight and gestational age was available from medical records and hospital registries. Sex-and gestational agespecific standard deviation (SD) scores for birth weight were calculated using Swedish reference data [30] . Child's ethnicity was defined according to Statistics Netherlands [31] and classified into eight categories (Western, Cape Verdean, Moroccan, Netherlands Antillean, Turkish, Surinamese Creole, Surinamese Hindustani, and other non-Western).
Information on breastfeeding was obtained from delivery reports and postnatal questionnaires, and breastfeeding was categorized as (1) never; (2) partial in the first 4 months; (3) exclusively in the first 4 months of life [22] . Total energy, fat, and sodium intake from foods were estimated using the previously mentioned FFQs and were adjusted for energy intake using the residual method [32] . A previously defined diet score was used to quantify overall diet quality using data obtained with the FFQ [24] . Information on each child's television watching at around the age of 2 years was obtained using a questionnaire. At the child's age of 6 years, we measured height and weight at the research center and calculated BMI (kg/m 2 ) and body surface area (BSA) using the Du Bois formula: BSA (cm 2 )=weight (kg) 0.425 × height (cm) 0.725 × 0.007184 [33] . Lean body mass was measured using wholebody dual-energy X-ray absorptiometry scans (General Electric-Lunar, Madison, WI).
Statistical analysis
We were interested in the effect of protein independent of its energy content and therefore adjusted protein intake for total energy intake using the residual method [32] . Briefly, we used the residuals of a linear regression model with energy intake as the independent variable and protein intake as the dependent variable. These residuals provide a measure of protein intake uncorrelated with total energy intake. To enhance interpretability, predicted protein intake for the mean energy intake (1311 kcal/day) was added to the residuals as a constant [32] . In line with recommendations for dietary exposures, protein intake was analyzed both as a continuous and as a categorical variable [32] . For the latter purpose we categorized protein intake into tertiles and used the lowest tertile as the reference category.
We used multivariable linear regression models to assess the associations of protein intake with combined kidney volume, eGFR, and ACR. We natural log-transformed ACR to obtain a normal distribution. For clinical interpretation, we also assessed the associations of protein intake with the risk of microalbuminuria, using multivariable logistic regression models. Model 1 was adjusted for child's sex, age, and BSA at kidney measurement. Model 2 was further controlled for specific prenatal and sociodemographic factors, namely, maternal age, maternal educational level, BMI, smoking during pregnancy, and folic acid supplement use, and for child's ethnicity and birth weight Z-score. The final model was additionally adjusted for childhood lifestyle factors: breastfeeding, children's television watching, total energy, fat and sodium intake, and diet quality score (model 3). Covariates were included in the regression models based on previously shown associations with kidney outcomes [23, 34, 4] or on a significant change (>5 %) in effect estimates. Because both protein intake and kidney volume are strongly related to body size [35] and because creatinine levels are associated with muscle mass [36] , we adjusted all models for BSA, and we performed sensitivity analyses in which we replaced BSA by height and weight, by BMI, or by lean body mass. In addition, we examined the association between protein intake and the ratio of kidney volume with either body weight, BMI, or BSA.
To assess whether the associations were different by sex, ethnicity, birth weight, gestational age at birth, or kidney volume at 6 years, we evaluated statistical interactions by adding the product term of the covariate and protein intake to model 2. Stratified analyses were conducted in case the interaction term was significant (P<0.05). Because the FFQ was developed and validated for Dutch children, we performed a sensitivity analysis in Dutch children only. Furthermore, since kidney size and function are different in low birth weight children [25] , we performed a sensitivity analysis in children born with a normal birth weight (≥2500 g) and among children born at term (≥37 weeks).
Missing values of covariates were multiple imputed (n=5 imputations) according to the Fully Conditional Specification method (predictive mean matching), assuming no monotone missing pattern [37] . Results are presented as pooled effect estimates after the multiple imputation procedure. Statistical analyses were performed using SPSS version 21.0 (SPSS Inc., Chicago, IL).
Results
Subject characteristics
Characteristics of the children and their mothers, stratified by tertiles of protein intake, are presented in Table 1 . Mean (±SD) total protein intake at the age of 1 year was 41.2 (±12.9) g, corresponding to 12.9 % of total energy intake (E%). This is higher than recommended for this age group [38] , but similar to intakes observed in the general Dutch and other Western pediatric populations [39, 40] . Children in the highest tertile of protein intake had more often been breastfed and were slightly heavier at the age of 6 years. Protein intake at the age of 2 years (13.9 E%) was slightly higher than intake at the age of 1 years (ESM Table S1 ). At the age of 6 years, mean combined kidney volume was 121 (±21) cm 3 . Many children (34 %) had urine albumin levels at or below the detection limit (≤2 mg/L), and microalbuminuria was present in 7.1 % of the children.
Protein intake in early childhood and kidney outcomes at school age Table 2 presents the associations between protein intake and kidney outcomes. In model 1, adjusted for age, sex, and BSA, a higher protein intake at the age of 1 year was associated with a higher eGFR and lower ACR at the age of 6 years. Protein intake was not consistently associated with kidney volume. Results for eGFR CysC were similar to those for eGFR Creat (Table 2 ) and for eGFR Combined (ESM Table S2 ). After further adjustment for sociodemographic variables and maternal factors (model 2), the effect estimates hardly changed and a higher protein intake remained significantly associated with a higher eGFR and a lower ACR. However, after further adjustment for child lifestyle factor (model 3), all associations attenuated towards null (Table 2) . Important lifestyle confounders in the associations with kidney outcomes were child's television watching, overall diet quality, and sodium intake.
Additional analyses
No clear differences were observed for the associations of animal versus vegetable protein intake on kidney outcomes (ESM Table S3 ). Replacement of BSA with either height and weight, BMI, or lean body mass, or the replacement of absolute kidney volume by the ratio of kidney volume with weight, BMI, or BSA did not change the effect estimates (data not shown). Protein intake was not associated with urinary albumin or creatinine levels (data not shown). No significant interactions were observed between total protein intake and sex, birth weight, gestational age, ethnicity, or kidney volume on any of the kidney outcomes. Sensitivity analyses in Dutch children only (n= 1994) showed similar patterns of associations as in the whole group, but with slightly larger effect estimates and smaller P values (ESM Table S4 ). Among children born with a normal birth weight (≥2500 g, n=2802) and among children born at term (≥37 weeks, n=2781), effect estimates were similar to those observed in the whole group (data not shown). In line with the results for protein intake at the age of 1 year, higher total protein intake at the age of 2 years was associated with a higher eGFR Creat and a trend towards a lower ACR in crude models, and the associations attenuated to null after adjustment for other lifestyle factors (ESM Table S5 ). In contrast to protein intake at the age of 1 year, protein intake at 2 years was not associated with eGFR cysC in crude models and was associated with a higher kidney volume, which was explained by other lifestyle factors (ESM Table S5 ).
Discussion
We have examined the associations between protein intake in early childhood and kidney size and function at school age in a large prospective population-based cohort study. We observed that associations between higher protein intake in infancy and higher eGFR and lower ACR at the age of 6 years were explained by other dietary and lifestyle factors of the children, such as sodium intake and television watching. Furthermore, protein intake was not associated with kidney size, and no differences in associations were observed for animal versus vegetable protein intake. 
Interpretation and comparison with previous studies
Contrary to findings of previous studies in infants and adults, protein intake in infancy was not consistently associated with combined kidney volume in our population-based sample of school-age children. In a multi-center trial in several European countries, healthy infants who received the higher protein infant formula had higher kidney volumes at the age of 6 months than infants receiving the lower protein formula [5] . Whether this difference in kidney volume persisted until later age was not studied. A previous observational study in 631 healthy infants in Denmark reported that 3-month-old infants who received formula feeding had a larger kidney size than infants who received breastfeeding, and the authors hypothesized that the effect might be attributable to the higher protein content in infant formula [41] . However, the difference was no longer present at 18 months of age [41] . In line with this, in a study in young rats that received isocaloric high or low protein diets after weaning, a higher protein intake increased kidney size [6] . However, 1 month after discontinuation of the high protein diet, kidney size was comparable to that of the rats fed low protein diets. These studies suggest that the effect of protein intake on kidney growth could be reversible. In our study, kidney outcomes were measured a few years after the assessment of dietary protein intake. Therefore, we could speculate that a potential effect of protein intake in early life on kidney size may no longer be apparent in the children at the age of 6 years. Kidney hypertrophy in response to high protein intake could be a compensatory response to higher levels of nitrogenous protein metabolites (such as urea) and may be temporary response [15] . Alternatively, hypertrophy of the kidney in response to protein intake may occur via increased insulin-like growth factor-1 secretion, which may lead to permanent changes in kidney size [42, 43] . We observed a higher eGFR in relation to higher protein intake, but this association was explained by other lifestyle factors. Important confounding factors were television watching, overall diet quality, and breastfeeding in early infancy. This result is in contrast to the finding of a higher eGFR with additional dietary protein in a small trial in preterm born infants [20] and in short-term trials in adults [12, 44, 11] . However, in line with our results, the previously mentioned large trial in healthy infants did not report an effect of a higher protein infant formula on eGFR at the age of 6 months [5] , and an observational study in healthy infants reported no associations between intake of infant formula and eGFR [41] . In a 119 (16) 118 (15) 120 (17) 120 ( 102 (13) 100 (13) 102 (14) 102 (13 previous study also embedded in the Generation R Study, higher maternal protein intake during pregnancy was associated with higher eGFR of the child, independent of protein intake in infancy (reference: doi: 10.3945/ajcn.114.102228). Similar to kidney growth, a higher GFR in response to high protein intake is considered to be an adaptive responses to high levels of circulating protein metabolites which will increase the workload of the kidneys and may lead to hyperfiltration [15] . Similar to the effect on kidney growth, this response may be reversible [6] .
In our population, a higher protein intake was associated with a lower ACR in crude models, but this was no longer significant after adjustment for other dietary factors, such as sodium intake. This observation is in contrast to results from a trial in healthy adults which showed that increased protein intake increases urinary albumin levels [12] . However, in line with our results, a few other trials have reported the absence of any association between protein intake and urinary albumin excretion [11, 44] .
In contrast to previous observational studies in adults [45] [46] [47] , we did not observe clear differences in associations for animal and vegetable protein intake, and in contrast to studies in animals [7, 43] , we also did not observe significant interactions between sex of the child and protein intake on kidney health. We also did not observe any interaction between protein intake and birth weight or gestational age at birth. The results of our study do not indicate that changes in dietary recommendations for healthy infants are required with respect to later kidney health. However, further studies are needed to assess whether protein intake may specifically affect kidney outcomes in preterm or small-for-gestational age born children.
Strengths and limitations
An important strength of our study is its prospective design within a large population-based cohort. We had information available on protein intake and kidney outcomes for almost Values are based on multivariable linear regression models and reflect differences or percentage change (95 % confidence interval given in parenthesis) in kidney outcomes for tertiles of protein intake compared to the lowest tertile, and per 10 g of protein intake per day a The albumin/creatinine ratio (ACR) is log-transformed, therefore the regression coefficients reflect the percentage change rather than the absolute difference b Protein intake is energy-adjusted using the nutrient residual method: Model 1 is adjusted for child's sex, age, and body surface area at the 6-year visit; Model 2 is additionally adjusted for maternal age, educational level, and body mass index at enrolment, for smoking and folic acid supplement use during pregnancy, and for children's ethnicity and gestational-age adjusted birth weight; Model 3 is additionally adjusted for breastfeeding in the first 4 months of life, children's television watching, total energy intake, energy-adjusted total fat intake, energy-adjusted sodium intake, and diet quality score c P trend is obtained by including the number of the tertiles of protein intake as continuous variable in the model 3000 children, and we had information on many potential maternal and child confounders which have not always been considered in previous observational studies. A limitation of our dietary assessment methods is that an FFQ relies on memory, and reported food intakes are subject to measurement error [48] . However, validation of our FFQ against three 24-h recalls showed a good intra-class correlation coefficient for protein intake. Another limitation of our FFQ is that it has only been validated for Dutch children [22, 24] . However, sensitivity analyses in Dutch children only showed similar results. The strengths of our dietary assessment are that an FFQ measures habitual diet rather than dietary intake on just 1 or a few days and that we calculated not only total protein, but also protein from animal and vegetable sources separately. A limitation of our study is that dietary data for the children at age 6 years were not available; consequently, we were unable to assess the association of current diet with kidney health.
We performed detailed kidney measurements using ultrasound to measure kidney volume, and we had blood and urine samples to estimate kidney function. Unfortunately, we did not measure inulin clearance to calculate actual GFR. To estimate GFR we used a creatinine-based formula that has been validated and which is widely used in pediatric populations [27] . A limitation of serum creatinine as a marker of kidney function is its strong relationship with muscle mass [36] . Cystatin C is a more sensitive marker for kidney function in pediatric populations than serum creatinine since it is not affected by child age, height, or weight [49, 50] , and we therefore also evaluated eGFR based on cystatin C levels [28] . This latter formula has been evaluated against inulin clearance and compared with other eGFR formulas and found to be accurate and precise in estimating GFR in addition to the Schwartz 2009 formula [36] .
Conclusions
In this prospective cohort study, associations between protein intake in early childhood and kidney function at the age of 6 years were explained by other dietary and lifestyle factors of the children. Furthermore, protein intake was not associated with kidney size, and no differences in associations were observed for animal versus vegetable protein intake.
